We derive empirical many-body potentials for noble-metal alloy systems in the framework of the FinnisSinclair model [Philos. Mag. A 50, 45 (1984)] which is based on a second-moment approximation to the tight-binding density of states for transition metals [F. Cyrot, J. Phys. Chem. Solids 29, 1235 (1968 ]. The most important extension of the model is a simple incorporation of interspecies interactions which involves fitting the alloying energies. The importance of properly accounting for the local atomic relaxations when constructing the potentials is emphasized. The observed principal features of the phase diagrams of the alloys are all well reproduced by this scheme. Furthermore, reasonable concentration dependences of the alloy lattice parameter and elastic constants are obtained. This leads us to suggest that fine details of the electronic structure may be less important in determining atomic structures than are more global parameters such as atomic sizes and binding energies. 
I. INTRODUCTION Empirical descriptions of interatomic forces have been widely used in simulations of extended lattice defects such as grain boundaries, dislocations, clusters of point defects, etc. ' A significant recent advancement in the empirical descriptions of interatomic forces has been the introduction of many-body terms in addition to pairwise potentials. These terms model the effect of the local electronic density.
Two schemes of this type, the "embedded-atom tnethod" (EAM) of Daw and Baskes ' and Finnis and Sinclair potentials (referred to as FS), although based on rather different approaches, yield strikingly similar models in the case of pure metals. Both of these models are fitted so as to reproduce the lattice parameter, cohesive and vacancy-formation energies, and elastic constants. They have been shown to give very good results in simulations of point defects, cracks, and surfaces, ' three applications for which traditional pair potentials are known to be inadequate. In numerous other applications, these and other many-body potentials have yielded reasonable results, generally similar to those obtained earlier using pair potentials.
Given the success of these new potentials in the case of pure metals, a natural development is to extend these schemes to alloys and several attempts have already been made in the framework of the EAM. The formalism of the EAM, indeed, appears to be most directly applicable. In this model the total energy of a system is written as a sum of two terms, E = g F, (p, )+-, The many-body term here is given by a function, F, -, of a local electron density p;. The functional form of F; is dependent only upon the species of the embedded atom (atom i) and not on the species of its neighbors. p;, on the other hand, is the electron density due to the surrounding atoms, and is a sum of one-atom contributions, 4, independent of the species of the embedded atom.
Likewise, the EAM pairwise potential V; can be separated into a product of two one-atom functionals Z; and Z, although some more recent EAM-type models ' ' have used nonseparable forms for the pair potential. Thus the total energy can be written in terms of functional forms, each of which is dependent on one atom only, and thus independent of the alloy in which the atom is present.
Consequently, in principle, using the EAM, alloy properties could be derived directly from parameters for pure metals. Although this is a lot to hope for, it is not entirely unreasonable to aim for, since good predictions of alloy structures have been obtained from pure-metal parameters using empirical schemes.
Unfortunately, it was found that direct application of EAM parameters derived for pure materials leads to poor results for the formation enthalpies and volumes of the corresponding alloys. V""(R;J )= g ak""H(rl, "" -R,~) (rk"" -R,J) and Z"as the total number of neighbors in the nth shell, the probability P for any one of the above configurations a is NB P =P(N, ",N",N", . . . ) = g "c"" c ", (7) n n where Z"=N""+X".The energy per atom can then be written in this approximation as
where the first summation (a} extends over all the possible configurations and the second summation (n) over all the neighboring shells; R" is the separation of nth neighbors, which, in this case, is the same for all the configurations con- Since silver and gold have very similar lattice parameters, it can be expected that the relaxation will be of little importance in this system. Hence, when fitting the alloying energy we described the random alloy using the HCSM, which is a simpler approximation. The experimental data and the fitted dependence of the alloying energy are shown in Fig. 1(a) . In the same figure we also show the alloying energy calculated within LCSM using the same potential parameters. It is seen that the results are, indeed, nearly identical and the curves are indistinguishable on the scale of Fig. 1(a) Fig. 1(b) . Molecular-statics (MS) calculations based on a fcc lattice lie between the LCSM and HCSM, slightly above the (liquid) experimental data because of the constraints imposed by the lattice. All MS and ordered-a11oy calculations on this system suggest that phase separation with entropy-driven solid solubility will be the lowest-energy state.
The TSM gives a still higher energy than the HCSM, because is puts too much~eight on the unfavored stoichiornetric configuration and does not account for the relaxation. C. Copper-gold The copper-gold system has a phase diagram corresponding to various ordered alloys, which undergo an order-disorder transition at high temperatures.
For this reason the alloying energies for random alloys, to which we fit V"z, are only available for high temperatures, and thus we again use the approximation of temperature in-dependence of the alloying energy. These data correspond to the solid phase and, therefore, we carried out the fitting such that the experimental data lies in between the upper and lower bounds defined by the LCSM and the HCSM, as shown in Fig. 1(c) Fig. 1(c) The first test of the validity of the constructed potentials is how well they reproduce the main features of the phase diagrams of the alloy systems studied. For this purpose we evaluated for each system alloying energies of ordered alloys corresponding to concentrations 50%-50% and 25%-75%. These are the bcc-based B2 structure, the fcc-based 1. 12 and L10 structures, and a structure we mark "Y". The Y structure is a theoretically constructed crystal structure which can be regarded as a faulted L 1z structure with repeated -, ' [011] (111) Figs. 1(a) -1(c) .
In the Au-Ag system the alloying energies of L12, L10, and Y structures are very close to those of the corresponding disordered alloys while the 82 structure has an appreciably higher energy. The lowest-energy structure appears to be the Y structure, but even in this case the difference in the energy between the ordered and disordered state is only about 4.5 meV, corresponding to the thermal energy of about 20 K. Hence, the ordering energies are very small, and in view of the approximations made in the model we consider them to be negligible. Thus the random alloy will be stabilized by the entropy contribution to the free energy at practical temperatures.
Furthermore, even if the ground state is an ordered structure at low temperature, this structure may never be attained because the kinetic barriers involved in the transformation are too great to be overcome at low temperature. This is in agreement with the observation that AuAg alloys are always disordered. '(110) antiphase boundary on the I111I planes in Cu3Au, which is a more global quantity principally controlled by the ordering energy. It was found to be 53 mJ m, which compares well with the experimental estimates ' of An interesting feature of the dependence of the alloying energy of disordered alloys on concentration is that the minimum or maximum is displaced away from the 50%-50% mixture in the case of Cu-Ag and Cu-Au alloys. In calculations this is replicated for the Cu-Ag alloys when using the LCSM but not the HCSM approximation, which suggests that this phenomenon is related to the relaxation. In this case the peak is displaced toward Ag-rich alloys and this can be understood in terms of the size difference between the atoms. The effect of large Ag atoms being forced into small spaces between Cu atoms is reduced by the relaxation more than when small Cu atoms are placed in between larger Ag atoms.
The displacement of the rninirnum towards Au-rich CuAu alloys can be understood in the same terms, but it is a weaker effect and the LCSM approximation reproduces it only marginally. No such effect occurs in Au-Ag alloys, where there is a negligible size difference between the two elements.
Alloying behavior in noble-metal alloys has recently been investigated using an augmented-spherical-wave-(ASW-) based density-functional-theory model to calculate ground-state energies and a cluster-variation method to investigate the entropy effect on the order-disorder phase transition.
While Table II . The extrapolation was taken from a quintic polynomial fit to the molecular-statics data which were constrained to pass through a mixing enthalpy of zero at 0%
and 100% concentrations (cf. Fig. 1 
